Abstract-Magnetic resonance imaging (MRI) on patients with implanted deep brain stimulators (DBSs) can be hazardous because of the antenna-effect of leads exposed to the incident radiofrequency field. This study evaluated electromagnetic field and specific absorption rate (SAR) changes as a function of lead resistivity on an anatomically precise head model in a 3T system. The anatomical accuracy of our head model allowed for detailed modeling of the path of DBS leads between epidermis and the outer table. Our electromagnetic finite difference time domain (FDTD) analysis showed significant changes of 1 g and 10 g averaged SAR for the range of lead resistivity modeled, including highly conductive leads up to highly resistive leads. Antenna performance and whole-head SAR were sensitive to the presence of the DBS leads only within 10%, while changes of over one order of magnitude were observed for the peak 10 g averaged SAR, suggesting that local SAR values should be considered in DBS guidelines. With lead = copper , and the MRI coil driven to produce a wholehead SAR without leads of 3.2 W/kg, the 1 g averaged SAR was 1080 W/kg and the 10 g averaged SAR 120 W/kg at the tip of the DBS lead. Conversely, in the control case without leads, the 1 g and 10 g averaged SAR were 0.5 W/kg and 0.6 W/kg, respectively, in the same location. The SAR at the tip of lead was similar with electrically homogeneous and electrically heterogeneous models. Our results show that computational models can support the development of novel lead technology, properly balancing the requirements of SAR deposition at the tip of the lead and power dissipation of the system battery.
. The implant or microelectrode set is typically placed in the thalamic area using stereotactic MRI or X-ray guidance [1] . The electrodes are then moved through the thalamus with Fig. 1 . Anatomically fine-grained head model used for this study. From left to right column: map of anatomical structures, mass density, electrical conductivity, and permittivity at 128 MHz. Axial (z = 215), coronal (y = 161), and sagittal (x = 162) planes are shown. The corresponding color code for each modeled structure is to the right of the image. Max scale values of and " set to 1 and 75, respectively, for illustrative purposes (see Table I for full set of values).
micromanipulation and electrical stimulation is performed until tremor can be effectively stopped. The properly placed electrode is then anchored to the skull to prevent movement. Finally, the DBS leads are connected to the DBS unit implanted in the chest area through an extension cable. To date over 35 000 patients have undergone DBS treatment worldwide [2] . Many Parkinson's patients will require magnetic resonance imaging (MRI) examinations during the course of their lives.
Parkinson's patients with a DBS implant may also undergo investigational functional MRI (fMRI) [3] , [4] . However, the radio-frequency (RF) field used to elicit the MRI signal from tissue may produce excessive heating. In vitro studies have been conducted to study RF heating for DBS systems during MRI [5] , [6] . Unfortunately, a permanent brain injury from RF heating during a clinical MRI on a patient with a DBS implant has been reported [7] . IEC guidelines limit RF-heating during MRI by suggesting maximum levels of specific absorption rate (SAR) [8] . While the relationship between local SAR to temperature changes has been studied extensively [9] [10] [11] , whole-head SAR (i.e., SAR averaged over the entire head) is currently used in most MRIsystems to limit the RF power in the coil [12] . Whole-head SAR is also used by the DBS manufacturers to assess the "MRI-conditionality" of their products [7] . In this paper, we will show that whole-head SAR may be an excessively coarse parameter to be used for RF-dosimetric evaluation.
The interactions between DBS leads and the RF-field are expected to produce local peaks of electric field, hence SAR, near the lead [13] , [14] . Such local peaks depend on different variables, including the dimensions, orientation, shape, and composition of the implant, the RF coil configuration, as well as the heterogeneous electrical properties of the human head [15] [16] [17] [18] . To improve the precision of the anatomical modeling of the human head with implanted leads and the computation and visualization of local SAR, the present study was conducted by means of finite difference time domain (FDTD) simulations with a multistructure 1 1 1 mm head model, segmented from MRI data of an adult healthy human subject [19] .
The goal of this study was to use computational models to explore the effect of lead resistivity on SAR and to provide indications supporting novel lead design based on distributed resistive leads [20] .
II. MATERIAL AND METHODS

A. Numerical Head Model
A 1 1 1 mm MRI-based adult head model was used. Details of the MRI data acquisition, processing and anatomical seg- mentation have been described in [19] . The overall head dimensions were 170 mm in width, 217 mm in depth, and 238 mm in height. Each anatomical structure was assigned biophysical properties (Table I and Fig. 1 ) at the frequency of 128 MHz. The electrical parameters were considered: 1) linear with electric field, 2) isotropic, and 3) heterogeneous in space [21] .
Homogeneous Model: The distribution of induced currents in an electrically homogeneous model ( , , , equivalent to the average electrical properties of muscle at 128 MHz [15] , [22] , were also calculated for comparison.
B. Numerical Model of RF Coil
Simulations were conducted using a birdcage-type RF coil, modeled with 16 perfect electrically conductive rods of 300 mm in length and disposed with circular symmetry (diameter 260 mm) around the head (Fig. 2) . The wires were connected at each extremity by two PEC end-rings (diameter 260 mm, thickness 1 mm) [20] , [23] . A circular excitation was simulated by means of sinusoidal current generators, placed on the centers of each rod, with 1 A peak-to-peak amplitude, 128 MHz frequency, and a 22.5 phase-shift between any two adjacent generators. Each port was loaded with a 50-resistor in parallel to the generator.
C. Numerical Model of Deep Brain Stimulation Implant
Two bilateral implants were modeled as insulated leads connected to the left and right subthalamic nucleus of the head (Fig. 6 ) [7] . Each of the two implants was composed of 19 wires, modeling the conductive DBS lead, each surrounded by a cylinder modeling the insulation (4 mm diameter, conductivity , and permittivity [24] ). The first segment started from the grey matter and was oriented diagonally on a coronal plane ( ) along the brain up to the outer table [Fig. 6(b) ]; the cylindrical insulation for this segment was 2 mm shorter than the wire, to model the electrical contact (i.e., single electrode) of the DBS implant. The remaining segments of the implants were placed in the head model along the subcutaneous structure, between the epidermis and the outer table of the head model, along a different sagittal plane for the two implants ( and ) [ Fig. 6 (c)]. Each wire was connected to the previous one. The last segment was terminated at the last axial slice of the head model, by the neck. Apart for the segment connected to the grey matter, the length of each cylinder and wire was the same for all other 18 segments. The total length of the left lead was 373 mm, with the maximum segment length equal to 80 mm (first segment) and the minimum segment length equal to 5 mm (second segment); the total length of the right lead was 380 mm, with the maximum segment length equal to 81 mm (first segment) and the minimum segment length equal to 5 mm. Eight different lead resistivities were modeled: a perfect electrical conductor (PEC) lead [24] and seven materials with variable resistivity ( , , 0.002, 0.01, 0.02, 0.1, and 1 ; electrical permittivity ). 
D. Finite-Difference-Time-Domain Simulations
FDTD simulations were performed using commercially available software (XFDTD, Remcom Inc., State College, PA). Numerical simulations were performed on the head model with and without DBS leads with isotropic Yee Cells [27] . The total number of Yee cells for the head model was 4 642 730; the total volume, including the free space around the model, was 323 373 323 mm . Since the cell size was 1 mm the timestep used to ensure FDTD stability from the Courant condition was 1.92 ps [28] , with a total of 50 000 timesteps corresponding to over 12 cycles covered and a steady-state reached after approximately 0.1 . Seven perfectly matching layers were used for boundary conditions [29] . The simulation run time was approximately two days on a DualCore 1.6 GHz with 4 GB of RAM.
SAR Evaluation: 1 mm SAR ( mm ), 1 g averaged ( ), 10 g averaged ( ), and whole-head SAR ( ) were computed with the XFDTD software, based on the Caputa algorithm [30] . SAR was not computed along the wire and the insulation (Fig. 5) . The overall mass used in the calculation was 4.895 kg for the no-lead case and 4.868 kg for the lead case. The simulations results were normalized to obtain an for the no-lead case equal to 3.2 W/kg (i.e., maximum whole-head SAR allowed by the IEC [8] ).
III. RESULTS
As shown in Table II, the input power was approximately equal across the models (mean ; stdev ). The load of the head on the RF coil, namely the power dissipated in the head, was also approximately constant with lead resistivity (mean , stdev ). The was also similar across the models considered (mean , stdev ). The average value of field in the no-lead case was in the order of few (e.g., mean and stdev along the -direction, with and ) (Fig. 3) . The field was increasing from the boundaries toward the center of the head (see Figs. 3 and 4) . Conversely, the electric field decreased from the boundaries toward the center of the head (Fig. 4) (e.g., mean and stdev along the -direction, with and ). For the model with DBS leads, electric field, induced currents and SAR were highest inside the grey matter, in the voxels adjacent to the tip of the DBS leads, namely and . Specifically, for PEC lead 
A. Computational Models and Implants
Although computational models have been frequently used to estimate SAR deposition during MRI, only a few previous studies based on numerical models for implants have been published [16] , [31] . For the implant case, the resolution plays a major role to minimize errors related to staircasing of small structures. This study was conducted with a 1 mm resolution, compared to 5 mm used in [16] and 2 mm of [31] . This resolution allowed modeling anatomical interfaces with significant changes in electrical properties (e.g., outer table/diploe/inner table, dura/CSF/grey matter) ( Fig. 1 and Table I ) [19] . The curvature of the lead was modeled using 19 pieces and avoiding unrealistic sharp angles and allowing to model the inclination of the implant through the brain into the STN; finally, the cylindrical insulation was modeled using two Yee cells around the wire/lead, ensuring no direct contact in any point of the grid between the conductive wire and the surrounding structures of the human head model (Fig. 2) .
B. Conductive and Resistive Leads 1) Conductive Leads:
The presence of conductive leads in the RF field generated by the RF coil determines significant electromagnetic changes in terms of induced currents along the wire at the excitation Larmor frequency [32] as well as changes of EM field around the leads, visible along the brain section and the subcutaneous structures containing the leads (Fig. 3) . Such effects can induce enhancements of orders of magnitude both in electric field and RF power deposition at the tip of conductive leads exposed to the incident RF field, as described by theoretical [13] , [14] , computational [16] , [20] , [31] , and experimental [3] , [5] , [33] studies evaluating conductive leads exposed to RF field. In line with the antenna effect described in literature, this study showed a 840-fold maximum increase for induced currents-inside the grey matter adjacent to the tip of the lead-when comparing the cases with versus without PEC leads [16] , [20] (Fig. 4) . There was a five order of magnitude increase with versus without leads for one-voxel (1 mm ) SAR, 2000-fold for , and 100-fold for .
2) Variable Resistivity:
Simulations showed that SAR at the tip of the DBS leads was reduced for resistivity values in the range of ) (Figs. 5 and 6 ). Fig. 6 can be interpreted as a risk/cost function: the optimal value of resistivity will minimize both SAR dissipation at RF and power dissipation for the DBS system. New and potentially safer leads with higher resistivity can be built by employing conductive ink technology [34] . A new type of lead, the resistive tapered stripline (RTS), with low resistivity at low frequency and high resistivity at the RF frequencies has also been investigated [35] . Furthermore, nonmetallic textile structures, such as knitted, woven, or bare fibers, can be made electrically conductive with the desired resistivity [36] .
3) Very High-Resistivity ( ): High resistivity cables are used in electric field measurements [37] , given their properties of RF-transparency [38] . Similarly, high resistive DBS leads could be considered RF-transparent for this study, as did not interfere with the RF field and local EM and SAR values were similar to the no-lead case. The main issue with highly resistive leads is the power deposition during normal operation. The currents used in DBS range from hundreds of microamperes to a few milliampere peak-to-peak. Considering that DBS systems are designed to include light and portable batteries, the power dissipated by the stimulating current must be minimized to extend battery life. Moreover, high resistivity requires a higher voltage to generate the same level of stimulating current, which is a potential safety issue [39] , [40] . For example, a resistivity value of , found with commercially available nylon-based fibers with copper coating (e.g., F0102T3P1, Marktek Inc, Chesterfield, MO, resistance for 1 m length and cross-sectional area of approximately ), would provide a strong protection against risk but power dissipation in the wire of several milliwatts.
C. Coil Coupling
A recent experimental study found no significant changes in RF power scanner calibration at 1.5 T measured with patients before and after the DBS implant surgery [41] . Similarly, our study showed a modest influence of the leads with respect to overall coupling between coil and load (i.e., 13% of change for dissipated power with and without the DBS PEC leads, Table II ). Higher conductivity leads (PEC, , and ) generated changes up to 40% in source impedance. Source impedances with high values of resistivities were instead similar to the control case without leads ( ).
D. Coil Modeling and Field
The RF coil was modeled as a birdcage with ideal voltage sources, a simplification of the coils used at 3T, which typically include high-pass or band-pass birdcage coils [23] ; nevertheless, the simulations results were in line with previous work that showed good agreement between simulations and experiments for a head-sized birdcage coil at 3T [42] or between simulations for a body-sized birdcage coil at 3T [43] . The simulated field for the reference case of no-leads was homogeneous ( Figs. 3 and 4) , with an average value of 5 in the central slice of the head when power was normalized to obtain a whole-head SAR of 3.2 W/kg (maximum whole-head averaged SAR allowed by the IEC guidelines [8] ). The numerical model used in this study would thus predict power levels for standard imaging within guidelines (e.g., 2
necessary to excite a 90 flip-angle at 3T [23] obtained with a whole-head SAR of 1.3 W/kg). In Fig. 3 are also clearly visible the distortions to the magnetic field due to the antenna effect of the conductive leads, which were reduced with increased lead resistivity. Recent experimental studies have in fact proposed the use of distortions as a tool to quantify induced currents in conductive leads at 3T MRI [44] .
E. Left-Right Asymmetry of EM Field and SAR
There was lack of left-right symmetry of SAR with respect to the central sagittal plane, with related differences up to one order of magnitude for local SAR between left and right tip of the leads (Figs. 5 and 6 ). Such results are likely related to the geometrical configuration of the head with respect of the circularly-polarized coil, as suggested by a previous analytical study [45] . Simulations showed that normalizing input power with respect to a whole-head SAR of 3.2 W/kg would generate peak of 10 g averaged SAR beyond 10 W/kg, value currently accepted by IEC guidelines. These results suggest that whole-head SAR used in current guidelines [7] may be an excessively coarse parameter for RF-dosimetric evaluation with implants. Apart for the SAR peaks at the tip of the leads, there were SAR peaks in the eye region and in the front of the head, likely due to the position of the head with respect to the coil. Further investigation including a detailed thermal modeling is suggested [3] , [12] , [33] .
F. Limitations
Variable geometries and loops are often used in implanted DBS leads as a potential solution for tissue heating [46] . Since the variable of interest for this study was the lead resistivity, in our simulations each implant was modeled using a constant geometry (i.e., no loops or variable length) along the parenchyma and the subcutaneous structures. Also, a single contact (i.e., electrode) to the gray matter, near the subthalamic area was modeled [7] compared to the multiple contacts of DBS implants.
This study was conducted with a 1-mm resolution head model truncated at the neck. Although such resolution is one of the highest for anatomically-precise numerical models used for RF-dosimetry [47] , numerical errors related to staircasing of small structures may be present [48] , [49] . Furthermore, the truncation of the head model at the neck did not allow to realistically model the full length for the implants, usually connected to a stimulator placed on the chest [6] and lead to artificial peaks of SAR at the neck [50] , [51] , which were not taken into consideration in evaluating the effect of lead resistivity. Higher numerical resolution models including the shoulders would allow represent with further increased precision discontinuities in electrical properties (e.g., inter-vertebral discs and vertebrae) and improving the overall model of the coil load.
Due to the potential numerical errors, experimental measurements may be required for proper validation of the results. Numerical simulations performed with the electrically homogeneous and heterogeneous models (Fig. 7) , provided similar estimations, suggesting the possibility of experimental validations with a geometrically matching homogeneous phantom, current gold-standard for safety evaluation with MRI-compatible neurostimulators [3] , [10] , [52] [53] [54] .
V. CONCLUSION
The present FDTD simulations with a multistructure 1-mm spatial-resolution head model allowed for detailed modeling of the path of the DBS leads between epidermis and the outer table, as for surgery procedure. The results confirmed the presence of local EM field and SAR enhancement at the tip of the DBS leads, in line with the antenna effect described for metallic implants. For PEC leads simulations with a homogeneous model provided similar estimation of SAR at the tip of the DBS implant compared to an electrically heterogeneous head model. Simulations showed that antenna performance and whole-head SAR were sensitive to the presence of the DBS leads only within 10%, compared to changes of over one order of magnitude for peak 10 g averaged SAR, suggesting the need of using local SAR values for guidelines purposes with DBS. Computational models such the one proposed can support the development of novel lead technology, properly balancing the requirements of SAR deposition at the tip of the lead and power dissipation of the system battery. 
